The present study was conducted to investigate the effect of long-term feeding of conjugated linoleic acid (CLA) and fish oil on egg quality characteristics, production performance, liver pathology, and egg fatty acid content of laying hens. Single Comb White Leghorn laying hens (n = 112), 21 wk old, were placed in cages and randomly assigned to 4 diets (28 hens/diet, 4 replicates of 7 hens) containing 3.0% yellow grease (control), 2.75% yellow grease + 0.25% CLA (YG-CLA), 2.5% yellow grease + 0.25% CLA + 0.25% fish oil (YG-CLA-FO), and 2.75% yellow grease + 0.25% fish oil (YG-FO). The experimental diets were fed for 12 mo. Eggs were collected daily for 12 mo. Feed consumption, hen-day egg production, and feed efficiency were monitored. At the end of the trial, hepatic tissue was collected for histopathology. No effect of diet was found on feed consumption, hen-day egg production, feed efficiency, egg weight, yolk weight, shell weight, or Haugh unit. The YG-CLA and YG-CLA-FO diets produced an increase in CLA and saturated fatty acids in the egg and liver tissue with a concomitant reduction in monounsaturated fatty acids (P < 0.05). Feeding YG-CLA-FO and YG-FO increased the n-3 fatty acids in egg yolk and liver of hens (P < 0.05). No difference was observed in the number of fat vacuoles in the liver tissue. The total fat content of hepatic and abdominal fat pads did not differ among treatments (P > 0.05). Regardless of the diet, as the hens aged, egg weight, yolk weight, and egg total fat increased, and shell weight decreased (P < 0.05). These data demonstrate that eggs with increased n-3 fatty acids and CLA can be generated by minor diet modifications without affecting the production performance or health of birds.
predominantly from ruminant-derived foods, and long-chain n-3 FA is provided by marinederived foods. Current intake of CLA is estimated to be several hundred milligrams per day [5] , and long-chain n-3 FA are estimated to be 0.2 g/d [6] . Based on animal data, it is estimated that approximately 3 g/d of CLA would be required to produce beneficial effects in humans [7] . Although no official dietary recommendation has been made in the United States, nutritional scientists suggest inclusion of 0.65 g/d of long-chain n-3 FA. Therefore, an additional 4-to 5-fold increase in the supply of CLA and n-3 FA is needed in the current US diet. Ruminantderived foods and marine products are the primary sources of CLA and long-chain n-3 FA. However, consumer preference for lean beef cuts, low-fat dairy foods, seasonal availability, and cost of marine foods limits the intake of CLA and n-3 FA in the western diet. Therefore, manipulating CLA and n-3 FA in other animal food lipids offers potential for developing health-enhancing value-added animal products.
During the past decade, several different feeding strategies have been adopted by poultry scientists to modify the n-3 FA and CLA content of chicken eggs [8, 9] . Feeding synthetic CLA oil, flax, or marine oil has been the common method to increase the content of CLA or n-3 polyunsaturated FA (PUFA) in eggs [9, 10] . However, success of egg lipid modification strategies will depend upon maintaining egg quality characteristics, production performance, and health of hens during the entire laying cycle. Most of the reported studies on feeding CLA to laying hens were short-term feeding trials (under 6 wk) with small bird numbers varying in age and production cycle except for those reported by Jones et al. [11] , Schäfer et al. [12] , and Suksombat et al. [13] . However, the results reported by these authors were not consistent due to the level of CLA fed, strain of birds used, and the duration of the study. Little or no emphasis was given to bird health in these long-term trials. A combined incorporation of CLA along with n-3 PUFA into egg yolk and its effect on egg quality aspects and bird health have not been addressed.
We have reported previously that feeding CLA (0.5% of diet) to hens for 6 wk can lead to an enhancement of hepatic lipid infiltration [14] . Similarly, a higher incidence of hepatic hemorrhage and lipidosis has been reported in hens fed flax or fish oil [15, 16] . Consequently, the objective of this study was to determine bird performance during the peak production period, egg quality characteristics, yolk lipid content, fatty acid incorporation, and metabolism over an entire laying cycle (12 mo) in hens fed diets containing low levels of CLA and n-3 PUFA along with yellow grease. In addition, hepatic histopathology and total fat content of hepatic tissue and abdominal fat pads of the birds fed the different lipid sources were assessed.
Feeding high-fat (5 to 10%) diets to layer birds has been shown to cause an increase in egg mass output and feed efficiency [17] . In the current study, fat sources constituted 3% of the experimental diet. However, the information on hen performance as measured by feed intake, egg mass, egg production, and feed conversion was measured only during a short period of laying cycle (27 to 31 wk). The information on egg quality characteristics (egg weight, yolk weight, shell weight, yolk color, Haugh unit) was measured throughout the laying cycle. Low levels of CLA were used in the current study to minimize the adverse textural effects on egg yolk [18] and hepatic lipidosis [14] associated with feeding a high dietary concentration of CLA to hens.
MATERIALS AND METHODS
These experiments were reviewed by the Oregon State University Animal Care Committee to ensure adherence to Animal Care Guidelines.
Birds, Diets, and Housing
One hundred twenty Hy-Line strain, Single Comb White Leghorn pullets [19] were reared in floor pens to 18 wk of age. The diets were provided as follows: commercial chick starter from 0 to 6 wk, grower from 16 to 21 wk, and the experimental layer from 21 wk until the end of the experiment (73 wk). At 18 wk, 112 hens were moved to individual laying cages in a room maintained at 20°C, and a step-up lighting schedule was used. Hens received 15L:9D from 18 until 21 wk of age and 16L:8D beginning at 21 wk of age and maintained until the end of the trial. Hens were randomly assigned to 4 diets (28 hens/diet), and the treatments were replicated 4 times with 7 birds per replicate. Water and feed were provided ad libitum. The diets were corn-soybean meal-based and contained 3.0% yellow grease (YG; control), 2.75% yellow grease + 0.25% CLA (YG-CLA), 2.5% yellow grease + 0.25% CLA + 0.25% fish oil (YG-CLA-FO), and 2.75% yellow grease + 0.25% fish oil (YG-FO). The composition of the basal diet is shown in Table 1 , and the fatty acid composition of the diets is shown in Table 2 . Menhaden fish oil was used as a source of n-3 fatty acid. The CLA oil was made up of equal amounts of cis-9,trans-11 and cis-12,trans-10 CLA isomers. Yellow grease (restaurant grease) is commonly used in commercial poultry feeding and was used for the basal diet. The diets were mixed weekly and stored in a cold room (4°C) in air-tight containers. The experimental diets were fed for a period of 12 mo.
Production Parameters and Egg Quality Characteristics
Production performance (egg production, feed intake, feed conversion, egg mass) was measured during the peak production period (27 to 31 wk of hen age). Egg production was expressed as average hen-day production, calculated from the total eggs divided by the number of days. For egg quality characteristics, 8 eggs from each treatment (n = 8, two per replicate) were collected every 4 wk until the end of the trial (12 mo). The eggs were weighed, and yolks were separated using an egg separator and weighed. Albumen weight was calculated by subtracting yolk and shell weight from total egg weight. Albumen height was also documented, and Haugh unit was calculated. Yolk color was determined by comparing yolk color to the Roche color fan. Egg total lipid and fatty acid composition were determined at every 8-wk interval.
Sample Collection
After 352 d of feeding the experimental diets, 8 birds per treatment (n = 8, two per replicate) were randomly selected and euthanized by exsanguination. Liver and abdominal fat pads were collected.
Hepatic Histopathology and Criteria for Fat Scoring
A slice of liver about 1 × 1 × 0.5 cm thick was taken from the right lobe of each hen, fixed in 10% neutral buffered formalin for 48 h, embedded in paraffin, sectioned (8 m), and stained with hematoxylin and eosin stain before microscopic examination by a veterinary pathologist at the Oregon State University Veterinary Hospital. For each section of liver, 3 randomly located areas were graded at 40× magnification using a grid within a 10× ocular piece. Fat content of each grid was assessed in 2 patterns: a) total number of fat vacuoles in the grid and b) number of cells within the grid having >75% lipid vacuolation of cytoplasm. For each method, the sum total from each bird was divided by 3 to give an average value per grid [14] . The 2 methods were used, because it is common for lipid-laden cells to be largely occupied by only 1 or 2 vacuoles in severe fatty metamorphosis. A single section from each bird was assessed in this manner. A final average for each group was then calculated. The remaining liver tissue was kept frozen (−20°C) for further lipid analysis. 3 SFA = total saturated fatty acids; MUFA = total monounsaturated fatty acids; total n-3 PUFA = n-3 polyunsaturated fatty acids.
Total Lipid and Fatty Acid Analysis
Total lipids were extracted from feed, liver, and abdominal fat pads and egg yolk by the method of Folch et al. [20] . One gram of sample was weighed into a screw-capped test tube with 18 mL of chloroform:methanol (2:1, vol/vol) and homogenized with a polytron [21] for 10 to 15 s at high speed. After an overnight incubation at 4°C, the homogenate was filtered through Whatman number 1 filter paper into a 100-mL graduated cylinder, and 4 mL of 0.88% sodium chloride solution was added and mixed. After phase separation, the volume of lipid layer was recorded, and the top layer was completely siphoned off. Total lipids were determined gravimetrically.
Analysis of fatty acid composition was performed with an Agilent 6890 gas chromatograph [22] equipped with an autosampler, flame ionization detector, and fused silica capillary column, 100 m × 0.25 mm × 0.2 m film thickness [23] . Sample (1 L) was injected with He as a carrier gas onto the column programmed for ramped oven temperatures (initial temperature was 110°C, held for 1 min, then ramped at 150°C/ min to 190°C and held for 55 min, then ramped at 5°C/min to 230°C and held for 5 min). Inlet and detector temperatures were both 220°C.
Peak areas and fatty acid percentages were calculated using Agilent ChemStation software. Fatty acid methyl esters were identified by comparison with retention times of authentic standards [24] . Fatty acid values and total lipids are expressed as milligrams per 100 g of fatty acids.
Statistical Analysis
A 2-way ANOVA was used to compare different egg quality aspects and egg lipid and fatty acid composition between dietary treatment and months. The diet and months were the fixed effects. Significant differences among treatment means were analyzed by Student-NewmanKeuls multiple range test and significance was set at P < 0.05 [25] . Means of interaction were analyzed by comparing the feeding period (mo) separately for each diet. The effect of diet on tissue total lipids, hepatic fatty acids, and histopathology was analyzed by 1-way ANOVA using SAS [26] . Computations were done using the GLM procedure of the SAS [26] . Mean values and SEM are reported.
RESULTS
The laying hen diets were isocaloric and isonitrogenous and provided 2,900 kcal/kg of ME and 16% CP, respectively ( Table 1 ). The fatty acid composition of the diet is shown in ( Table 2 
Hen Performance and Egg Characteristics
Egg production, egg mass (daily individual egg weight), feed intake, and feed conversion during the peak production period (27 to 31 wk of production) were unaffected by incorporating CLA or fish oil (Table 3) . However, when egg quality characteristics were assessed over the entire experimental period (12 mo), a significant increase in egg weight, yolk weight, and shell weight was observed for YG-CLA eggs when compared with eggs from hens fed YG or YG-CLA-FO diets ( Table 4 ). The shell weight was higher for YG-CLA eggs (P < 0.05). Duration of feeding time (mo) was significantly different for all the egg characteristics assessed. No difference due to dietary treatment was observed for Haugh unit, albumen weight, or height. The weights of yolk and shell when expressed as percentages of egg weight were also found not to be different among treatments (P > 0.05). However, a significant effect of hen age on percentages of shell weight and yolk weight and Haugh unit was observed. As the hens aged, egg quality, assessed by Haugh unit, and shell weight percentage deteriorated significantly in all treatments (P < 0.05). Yolk weight as a percentage of egg weight increased as the hen aged (P < 0.05). Yolk color was higher for YG-CLA, YG-CLA-FO, and YG-FO when compared with YG eggs (P < 0.05). There was no difference in the BW of the birds. No mortality was noticed among the birds during the experimental period.
Egg Total Fat and Fatty Acids
No difference was noted in egg total fat content due to dietary treatments (Table 5) . However, a significant difference due to hen age on yolk fat was observed. Eggs from 22-wk-old hens contained significantly lower levels of fat compared with all other age groups (P < 0.05). Yolk FA profile clearly reflected the dietary FA composition ( Table 5 ). The CLA was present only in eggs from YG-CLA and YG-CLA-FO (P < 0.05). The cis-9,trans-11 CLA was the only CLA isomer detected in egg yolk. Addition of 0.25% CLA resulted in a significant increase in saturated FA (SFA) with a concomitant reduction in monounsaturated FA (MUFA). The effects of CLA supplementation on n-6 FA varied for different n-6 FA. Arachidonic acid (20:4 n-6) was lowest in YG-CLA-FO eggs when compared with the other 3 treatments (P < 0.05). However, it was the reverse for linoleic acid (18:2 n-6), with YG-FO incorporating the lowest concentration (P < 0.05). Similarly, docosahexaenoic acid (22:6 n-3) was lower in YG-CLA-FO eggs than YG-FO eggs, although both diets contained equal levels of fish oil (P < 0.05). Means within a row with no common superscript differ (P < 0.05). 
Hepatic Histopathology, Total Lipids, and Fatty Acids
No significant gross abnormalities were noted in the hepatic tissue of any of the birds examined. No significant changes in number of fat vacuoles per grid or number of cells with >75% fat vacuoles were noted. The pathology report indicated no other significant abnormalities associated with fatty liver such as dilated sinusoids, intrasinusoidal fibrin deposition, telangiectasias, and lymphocyte aggregates.
Liver fatty acid concentrations were significantly affected by dietary lipids ( Table 6 ). The increase in CLA isomers was higher (P < 0.05) in birds fed YG-CLA and YG-CLA-FO than YG or YG-FO. The increase in CLA was at the expense of MUFA (16:1, 18:1). The 16:0 and 18:0 increased significantly in liver from birds fed CLA. A significant increase in 22:6 n-3 was observed in the hepatic tissue of hens fed diets containing fish oil. As observed with eggs, arachidonic acid was lowest in the hepatic tissue of hens fed YG-CLA-FO when compared with the other 3 treatments (P < 0.05). No difference was observed in the total fat content of hepatic tissue.
There was no difference in the total fat content of the abdominal fat pads, which constituted 75.6, 74.0, 74.7, and 74.3% for YG, YG-CLA, YG-CLA-FO, and YG-FO diets, respectively (P > 0.05).
DISCUSSION
Incorporating n-3 FA and CLA into eggs has been widely documented [8, 9, 27 ]. However, long-term feeding trials, investigating the incorporation of CLA along with long-chain n-3 FA in laying hen diets and its effect on production performance or egg fatty acids, are lacking. In general, feeding CLA or CLA along with longchain n-3 FA did not alter the performance of hens. Other researchers have reported a 7% reduction in egg production and no effect on egg or yolk weight in a 68-wk-long feeding trial when CLA was included at 0.5 and 1.0 g/kg of diet [11] . However, Schäefer et al. [12] reported no effect on egg production or egg weight when hens were fed diets containing 29 g/kg of CLA for 80 wk. In the current study, when compared with YG diets, we observed an increase in egg weight, yolk weight, and shell weight when CLA was included in the diet. The difference between our study and those reported by others [11, 12] may be due to the level of CLA used in the current study. Although incorporating fish oil and CLA did not affect other egg quality parameters, shell weight when expressed in percentage of egg weight deteriorated significantly as the hens aged. However, egg size increased due to age, and this would mean that economic loss associated with shell breakage will be higher in larger eggs compared with medium eggs or small-sized eggs. Σ SFA = total saturated fatty acids; Σ MUFA = total monounsaturated fatty acids; Σ n-6 = total n-6 polyunsaturated fatty acids; Σ n-3 = total n-3 polyunsaturated fatty acids.
The results obtained on egg CLA and n-3 FA enrichment in YG-CLA, YG-CLA-FO, and YG-FO eggs are in agreement with our previous reported results and also of others [14, 28] . In the eggs from hens fed YG-CLA and YG-CLA-FO, a significant increase in SFA was observed at the expense of MUFA. This is in agreement with our previous results and those of others [14, 29] . Inclusion of fish oil along with CLA did not rescue the MUFA-suppressing effect of CLA in YG-CLA-FO eggs. The ∆ 9 -desaturase enzyme is responsible for the conversion of stearic acid (18:0) to oleic acid (18:1). Dietary CLA may have an inhibitory action on ∆ 9 -desaturases, thereby leading to the reduction of MUFA. A recent study also reported a decrease in mRNA expression of stearoyl coenzyme A in CLA-fed rats affecting the synthesis of MUFA and accumulation of SFA [30] . Higher levels of SFA in yolk lipids due to CLA supplementation may be of concern, because increased consumption of SFA, especially 14:0 and 16:0, is associated with increasing total and low-density lipoprotein cholesterol concentrations in blood plasma and changes related to cardiovascular diseases [31] . However, if the antiatherogenic activity of CLA found in rabbits [32] , hamsters [33] , and mice [34] could be extrapolated to humans, the adverse consequences of increased SFA levels could be counteracted by CLA. The effects of CLA supplementation on PUFA varied for 18-and 20-carbon n-6 FA. The CLA, when fed along with fish oil, reduced the concentration of arachidonic acid (20:4 n-6) and increased linoleic acid (18:2 n-6) in YG-CLA-FO eggs. The reason for the lower incorporation of long-chain (>20-carbon) FA is not clear. ∆ 6 -Desaturase enzyme is involved in the formation of arachidonic acid (20:4 n-6) from linoleic acid (18:2 n-6). The structure of CLA is more comparable to linoleic acid, and it is therefore possible that CLA is able to make a complex with ∆ 6 -and ∆ 4 -desaturase in the same way as linoleic (18:2 n-6) does, thus preventing the incorporation of longchain 20-carbon FA in the YG-CLA-FO eggs.
Maintaining egg yolk textural property is of utmost importance in developing CLA-modified eggs, because most eggs are used after cooking or after further processing. Several investigators reported hard and rubbery yolks [18] , altered yolk shape [12] and changes in yolk color [9] upon storage of eggs from hens fed CLA over 0.5%. We did not find any change in color or shape of CLA-rich eggs in the current study when stored up to 2 mo (data not shown). Overall, incorporating CLA and fish oil in the diet Σ SFA = total saturated fatty acids; Σ MUFA = total monounsaturated fatty acids; Σ n-6 = total n-6 polyunsaturated fatty acids; Σ n-3 = total n-3 polyunsaturated fatty acids; TCLA = total conjugated linoleic acids.
of the hen at 0.25% produced no detrimental long-term effects on egg quality or liver pathology. The hens performed equally when CLA and fish oil were added to the diets and comparable amounts of CLA and n-3 FA were incorporated into their eggs. Egg size and yolk size increased with hen age. For example, the egg yolk from a 22-wk-old hen weighed 14 g compared with 17.5 g from an older hen and contained signifi-
CONCLUSIONS AND APPLICATIONS
1. In addition to its role in enriching eggs with CLA and n-3 fatty acids, feeding CLA and fish oil at low levels did not lead to any changes in hepatic histopathology or production performance of birds. However, the current study used only 120 birds, and a small window of production performance was investigated in detail. Feeding trials with a larger number of birds for a longer period would be ideal to investigate the effects of fish oil and CLA in layer diets. 2. Incorporation of CLA in eggs (4.2 mg/g of fat or 21 mg/egg) was higher than that reported in ruminant-derived foods (3 mg of CLA/g of fat). 3. Consuming 2 large eggs from hens fed CLA and the fish oil diet could provide over 70 mg of CLA and 225 mg of n-3 FA to the human diet. This represents over 2 and 35% requirements of CLA and long-chain n-3 FA to the human diet. 4. Development of egg-based products such as pasta, baked goods, salad dressings, mayonnaise with CLA and n-3 FA-modified eggs may help in increasing the CLA and n-3 FA content in the human diet.
cantly higher levels of fat than the egg from a younger hen. Consequently, eggs from an older hen could provide a greater proportion of the daily requirement of n-3 PUFA and CLA for a person. Taking into account the current per capita consumption of eggs at 254 in the United States [35] , this implies that a minor hen diet modification could provide value-added healthful egg or egg products to the human diet.
